Introduction
A key step in the preparation of biological tissues for histology is the prevention of decay by fixation. 1 Ten percent neutralbuffered formalin (a 4% buffered formaldehyde solution) has become the preservative of choice with most pathologists due to the resulting excellent preservation of tissue morphology for long periods of time. 2 However, formalin fixation is sometimes not used for immunohistochemistry since visualisation of certain antigens can be hampered. 3, 4 Formalin is also not favoured when nuclear fixation is needed. 5 In addition, DNA and RNA extracted from formalin-fixed material can be difficult. 6 Therefore alternative fixatives are often used when immunohistochemistry for certain antigens or later isolation of DNA and RNA may be needed.
Methanol and ethanol are frequently used alternative tissue fixatives to formalin. They can be used alone 7, 8 or in combination with other fixatives. [4] [5] [6] [7] Combinations of methanol and ethanol fixation, such as the PAXgene fixative, have been reported to outperform formalin in terms of preserving the integrity of RNA 9 and DNA, 6 while maintaining the ability to visualise antigens during immunohistochemistry and preserving tissue morphology. 9 Fixation of the inner layers of tissues depends on the ability of the fixative to diffuse into the tissues. Traditionally it has been assumed that the tissue penetration rates of ethanol and methanol are similar, but there has been no evidence reported to support this assumption. 10 The aim of this study was to compare the penetration rates of methanol, ethanol and formalin into bovine heart and liver tissues. We chose these two tissues to study because they have a relatively homogeneous structure compared with other organs, such as skin and intestine.
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Materials and Methods
Tissue source
Four fresh bovine hearts and four fresh bovine livers were purchased from a local butcher (Sinclair Meats).
Tissue fixation
Three fixatives were used: ethanol (100%), methanol (100%) and 10% neutralbuffered formalin. The tissue from hearts and livers, which was parenchymal in nature and did not include fibrous or adipose tissue, was cut into 2x2x2 cm 3 cubes (12 cubes from each heart or each liver). The tissue cubes, with the marked faces pointing up during the whole experiment, were then immersed into 40 mL of fixative in a 50-mL specimen collection container and were kept in a room with the temperature controlled at 37°C. The heart and liver cubes were then taken out of the fixative at 1, 2, 6 or 10 h.
Tissue shrinkage or expansion
The top face of the tissue cube was marked with tissue ink (Shandon™ TissueMarking Dye, ThermoFisher Scientific, Waltham, MA, USA) and then photographed alongside a ruler immediately before fixation using a Sony Xperia Mobile camera (Tokyo, Japan) ( Figure 1A ). The tissue cubes were immersed in fixatives with the marked face always pointing up. The tissue blocks were then taken out of the fix-ative at certain time points (i.e., either 1, 2, 6 or 10 h) and the marked faces were imaged again ( Figure 1B ). The area of the marked face of the tissue before or after fixation was measured using Photoshop software (ver. CC 2017, San Jose, CA, USA). The change in the marked surface area (∆area) was then calculated. The square root of the absolute value of the ratio of ∆area/area before fixation was then calculated as the shrinkage or expansion coefficient of the tissue. Positive values represent tissue expansion and negative values represent shrinkage.
Penetration distance measurement
After the marked face of the fixed tissue cube was photographed, the tissue was cut into two halves along the middle plane parallel to the marked face. The freshly cut face was photographed alongside a ruler for the penetration distance measurement (Figure 2A ). The discoloration area represented the penetrated area ( Figure 2B ). 7 The penetration distance was measured 40 times at locations equally distributed around the perimeter of the cut face using PhotoShop software (ver. CC 2015). The mean of the 40 measurements was calculated as the penetration distance for an individual image.
Normalisation of penetration distance
The penetration distance was normalised to the individual tissue's shrinkage or expansion. If the tissue had expanded, normalisation was calculated using the following formula: Normalised penetration distance = non-normalised penetration distance / (1+ shrinkage or expansion coefficient). If the tissue had shrunk, normalisation was calculated using the following formula: normalised penetration distance = non-normalised penetration distance / (1-shrinkage or expansion coefficient).
Penetration coefficient
It has been observed that the penetration distance in millimetres (x) of a given fixative depends on the following simple function of the fixation time in hours (t). 1, 8, 12 x = K t The constant K is called the penetration coefficient. We plotted the penetration distance in millimetres relative to the square root of the fixation time in hours using GraphPad Prism 6 software (GraphPad Software, Inc., La Jolla, CA, USA) and obtained the penetration coefficient as the slope of the regression line using the linear regression function.
Statistical analysis
Differences in shrinkage or expansion, penetration distance and penetration coefficient at various time points among the three fixatives were analysed using two-way ANOVA, followed by Bonferroni's post-hoc test.
Results
Measurement variability
Variability in measuring area of the marked face
To measure the tissue expansion or shrinkage caused by fixation, we compared the area of the marked face of the tissue cube before ( Figure 1A ) and after fixation ( Figure 1B) . We determined the variability in measuring the marked face area. The intra-observer coefficient of variation of the three independent observers were 0.7%, 1.2% and 1.2%, respectively (Supplementary Table 1 ). The inter-observer coefficient of variation was 1.4% (Supplementary Table 2 ).
Variability in measuring penetration distance
The intra-observer coefficient of variation for the penetration distance measurement from the three independent observers Technical Note were 1.7%, 0.9% and 6%, respectively (Supplementary Table 3 ). The inter-observer coefficient of variation was 2.64% (Supplementary Table 4 ).
Penetration rate of the fixatives in the heart tissue
The penetration distance in the heart tissue increased along with the time of incubation for all the fixatives examined ( Figure  2 ). The penetration distance of methanol in the heart tissue was significantly greater than that of ethanol (P<0.001, Figures 2 A-C) or formalin (P=0.003, Figures 2 A,C) . The penetration distance of ethanol was similar to that of formalin (P=0.344, Figure  2C ). The heart tissue shrank in ethanol or methanol whereas it expanded in formalin (Figures 1 A-C) . The shrinkage caused by ethanol was similar to that caused by methanol (P=1.000). After normalising the penetration distance to the individual tissue's shrinkage or expansion, the penetration distance of methanol was significantly greater than that of ethanol or formalin (P<0.001 for both, Figure 1D ). The normalised penetration distance of ethanol was similar to that of formalin ( Figure 1D ).
The penetration distance in millimetres was plotted relative to the square root of the fixation time in hours ( Figure 3 ) and the penetration coefficient (K) was obtained. The mean penetration coefficients in the heart tissue were 2.609, 1.994 and 1.801 for methanol, formalin and ethanol, respectively ( Figure 3) . The penetration coefficient of methanol was significantly greater than that of ethanol or formalin (P<0.001 for both). The penetration coefficients of ethanol and formalin were similar (P=1.000).
Penetration rate of the fixatives in the liver tissue
The results obtained from the liver tissue were similar to those for the heart tissue. The penetration distance in the liver increased along with time of incubation for all the fixatives ( Figure 4A ). The penetration distance of methanol in the liver tissue was significantly greater than those of ethanol or formalin (P<0.001 for both, Figure 4A ). The penetration rate of ethanol was similar to that of formalin (P=1.000, Figure 4A ). The liver tissue shrank in all three fixatives. The shrinkage was significantly more in ethanol or methanol than in formalin (P<0.005 for both, Figure 4B ). The shrinkage caused by ethanol was similar to that by methanol (P=0.817, Figure 4B ). After normalising the penetration distance to the individual tissue's shrinkage or expansion, the penetration distance of methanol was significantly greater than those of ethanol or formalin (P<0.001 for both, Figure 4C ). The normalised penetration distance of ethanol was similar to that of formalin (P=1.000, Figure 1D ).
The penetration distance in millimetres was plotted relative to the square root of the fixation time in hours ( Figure 4D ) and the penetration coefficient (K) was obtained. The mean penetration coefficients in the liver tissue were 3.012, 2.153 and 2.113 for methanol, formalin and ethanol, respectiveTechnical Note Figure 2 . The penetration distance of different fixatives in heart tissue. A) Heart cubes (size: 2x2x2 cm 3 ) were immersed in ethanol, methanol and 10% neutral-buffered formalin at 37ºC with the marked face always facing up; the tissue was taken out of the fixatives at certain time points (1, 2, 6 , or 10 h) and cut into two halves along the middle plane parallel to the marked face and the newly cut face was then imaged with a digital camera. B) Representative image for the measurement of penetration distance; the penetration distance (the distance of discoloured region) was measured 10 times on each side using PhotoShop software and a total of 40 measurements were recorded for each tissue; the mean of the 40 measurements was calculated as the penetration distance of the fixative in this sample. C) Penetration distance over time for three fixatives; n=4; error bars represent standard deviation; the difference between fixatives was analysed using twoway ANOVA followed by Bonferroni post-hoc tests. ly ( Figure 4D ). The penetration coefficient of methanol was significantly greater than that of ethanol or formalin (P<0.001 for both). The penetration coefficients of ethanol and formalin were similar (P=1.000).
Discussion
We report, for the first time, that the penetration rate of methanol was significantly greater than that of ethanol or formalin in bovine heart and liver tissues. This finding was unchanged after the correction for tissue shrinkage. The penetration rates of ethanol and 10% neutral-buffered formalin were similar in both tissue types. These results suggest that the assumption recently reported in a histology textbook that the penetration rate of methanol is similar to that of ethanol is incorrect. 10 Many factors affect fixation, including temperature, tissue thickness, ratio of tissue to fixative volume, and fixation time. 10 To appropriately study the difference in penetration rate of methanol and ethanol, we kept these variables consistent. In our study, the tissues were kept in a room in which temperature was kept controlled at 37°C. 2x2x2 cm 3 tissue cubes and 40 mL of fixatives (tissue to fixative ratio of 1:5) were used in all experiments. We also examined penetration distances at different time points including immersion times of 1, 2, 6 and 10 h. We used 1:5 as the ratio of tissue to fixative volume. Researchers generally recommend a ratio of tissue to fixative volume around 1:10 or 1:20. 7, 10 However, this recommendation results from personal preferences without specific scientific evidence. for 1, 2, 6 , or 10 h at 37°C; the tissue was taken out of the fixative at certain time points and the penetration distance was then measured using PhotoShop software; n=4; error bars represent standard deviation; *P<0.001, using two-way ANOVA followed by Bonferroni post-hoc tests; NS, not significant. B) The shrinkage or expansion of the liver tissue. The shrinkage or expansion was calculated after exposure to the fixatives for 1, 2, 6 or 10 h at 37°C; n=4; the change in the marked surface area (Darea) was calculated; the square root of the absolute value of the ratio of Darea/area before fixation was then calculated as the shrinkage or expansion of the tissue; error bars represent standard deviation; positive values represent tissue expansion, whereas negative values represent tissue shrinkage. C) The penetration distance in the liver tissue was normalised to the tissue shrinkage or expansion of each individual sample; n=4; error bars represent standard deviation; *P<0.001, using two-way ANOVA followed by Bonferroni post-hoc tests. D) Depth of penetration of fixatives into the heart tissue relative to the square root of the fixation time; the penetration distance in millimetres was the mean of the measurements from four liver tissues; the x-axis represents the square root of the fixation time in hours.
Technical Note
Williams et al. have reported the effects of fixation on immunohistochemistry procedures and concluded that there were no differences in the results obtained after fixing human tonsils with formalin at tissue to fixative volume ratios between 1:1 and 1:20. 13 Buesa and Peshkov investigated the tissue to fixative volume required for quality fixation using formalin. They reported that the fixation quality was not effected by different tissue to fixative volume ratios such as 1:1, 1:2, 1:5, and 1:10.
14 Therefore, we believe the tissue to fixative volume ratio of 1:5 we used was appropriate.
When we immersed the tissue cubes into the different fixatives, we did not place a mesh on the bottom of the containers. It has been reported that a plastic mesh on the bottom of fixation containers could guarantee uniform access of the fixative to all surfaces of the tissue pieces during fixation. 7 However, we marked the top face with tissue ink, and the marked face always pointed up during the whole experiment. The bottom face of the tissue in our experiment had limited fixation due to limited access to the fixatives. However, this did not affect our measurement of penetration distance. This is because the fixative penetrated freely from the other sides of the cubes. When we cut the tissue open for penetration distance measurement, we always cut the tissue along the middle plane parallel to the bottom face.
We used PhotoShop to measure the penetration distance of fixatives, instead of using less accurate methods such as using micrometre eyepiece. 11 In addition, when we measured the penetration distance, we performed measurements 40 times at locations equally distributed around the perimeter of the cut face. Our method is in contrast to previous reports such as those by Cabrera and colleagues where only 4 measurements were used to calculate the mean penetration distance. 7 We demonstrated that the method we used had very good reproducibility. The intra-observer coefficient of variation of the penetration distance ranged from 0.9-6.0% and inter-observer coefficient of variation was 2.6%.
Previous reports on the penetration rate of fixatives are scarce and our understanding on this topic is mainly based on a few studies performed many years ago. Dempster reported that penetration of the fixative osmium tetroxide was proportional to its fixation time. 8 Medawar, 12 Dempster, 8 and Start et al. 1 reported that the distance of penetration of various fixatives was a linear function of the square root of fixation time, i.e. d = K√t , where "d" is penetration distance in millimetres, "K" is penetration coefficient, and "t" is time in hours. This relationship, which has been referred to as the law of diffusion (d = K√t), between penetration distance and the square root of fixation time was observed in various tissues including blood plasma coagulum, 12 rabbit liver 8 and human spleen. 1 Our result confirmed the law of diffusion in both bovine heart and liver tissues. The penetration coefficient of methanol was higher than that of ethanol in both the heart and liver tissues providing the first evidence that the penetration rate of methanol is higher than ethanol. In addition, the penetration coefficient of methanol or ethanol in the liver was greater than that in the heart. This suggests that the penetration rate is tissue specific. It has been reported that the penetration of a fixative into muscles was more rapid than into the brain. 8 The difference in penetration rate between the liver and heart tissues reported in our study may be due to the fact the liver tissue is less dense compared to the heart tissue and this may facilitate diffusion of fixatives.
The mean penetration coefficients of ethanol in bovine heart and liver (1.801 and 2.113) in our study were slightly higher than the previously reported value of 1.714 in blood plasma coagulum. 12 This may be due to the higher room temperature used in our study compared to the previous report by Medawar.
12 Dempster 8 reported the mean penetration coefficient of 95% ethanol at room temperature (21-25°C) in rabbit livers was approximately 1.6. The difference between Dempster's report and our observation may be due to differences in the concentration of ethanol (95% vs 100%), temperature and tissue source (rabbit vs bovine).
The reported formalin (10%) penetration coefficient has also varied. Start et al. 1 reported that the mean penetration coefficient for formalin was 0.55 in human spleens at 20°C. Chesnick et al. 15 reported that it was 0.47 at 22°C and 1.1 at 42°C in porcine liver. 15 The mean penetration coefficient of formalin was 1.994 and 2.153 in bovine heart and liver tissue, respectively, in our study. The different reported results may reflect differences in experimental temperature and structure of the various tissues used.
Fixatives can cause tissue expansion or shrinkage. 10 To study the effect of fixatives on tissue expansion or shrinkage, we marked one face (top face) of the tissue cubes, and measure its size before and after fixation. This method of measuring the area of a tissue face had good reproducibility, with the intra-observer coefficient of variation ranging from 0.7-1.2% and interobserver coefficient of variation being 1.4%. We found that methanol and ethanol shrank both heart and liver tissues. This is consistent with previous reports. 7, 10 Our results also showed, for the first time, that the degree of shrinkage caused by methanol and ethanol was similar. By contrast, we found that formalin expanded the heart tissue but shrank the liver tissue. The tissuespecific effects of formalin have been reported in previous studies. It has been reported that after porcine forelimb tissue was immersed in formalin it expanded, but that fat tissue shrank, and bone tissue was not changed. 16 In summary, this study suggests that the penetration rate of methanol is significantly greater than that of ethanol and formalin in both bovine heart and liver tissues. Our results suggest that the assumption that the penetration rate of ethanol is similar to that of methanol is incorrect. 10 
